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Abstract
Relating to the assessment of the cap rock integrity on CO2 geological sequestration, we measured threshold pressure for 
supercritical CO2 under pressure and temperature conditions of 1,000 m depth (i.e., 10 MPa and 40C). The present study aims to 
quantify various factors which affect the variability of rock's threshold pressure and to model the threshold pressure range of a 
cap rock. We prepared sintered compacts composed of uniformly-sized silica glass beads (0.2-10 µm), and examined a
correlation between threshold pressure and permeability for each diameter. The result revealed that threshold pressure of sintered 
compacts increased drastically with a decrease of component particle size. Moreover, there existed a good linearity between the 
logarithm of threshold pressure and the logarithm of permeability. The fitted line is an important basis specifically from a 
viewpoint of safety assessment because it corresponds to the lower limit of threshold pressure of homogeneous rocks.
© 2010 Elsevier Ltd. All rights reserved
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1. Introduction
On carbon dioxide (CO2) geological sequestration to saline aquifers, it is generally supposed that a cap rock with 
low-permeability (e.g., mudstones and siltrocks) prevents an upward-leakage of injected CO2. From a viewpoint of 
risk analysis, however, we should consider the sealing ability of a cap rock. Such an evaluation of a cap rock relates 
estimations not only of the possibility of the CO2 leakage but also of the magnitude of reservoir potential and the 
maximum allowable pressure during CO2 injection processes.
Generally, the rock's sealing ability is evaluated by the measurement of its threshold pressure. However, 
threshold pressure is expected to vary greatly in natural rocks because it is determined by local structure of rock
interior. Therefore, the knowledge about the range of threshold pressure of intended rock requires measurements of 
many samples. Furthermore, we should evaluate the sealing ability through a wide area in the practice of large scale 
CO2 sequestration. Realistically, however, the number of available core samples is limited; we cannot necessarily 
get core samples throughout the injection site.
On the other hand, there is a possibility that an application of the artificial sample whose internal structure is 
ideally regulated can provide theoretical or empirical constraint to the variation of threshold pressure. Namely, we 
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can quantify which factor varies the threshold pressure by the following procedure: we start from the sample 
composed of uniformly-sized spherical particles, and then introduce effects of particle size distribution and particle 
configuration, and finally consider also the difference of chemical compositions and the impact of inhomogeneous 
nature such as a fracture.
In this study, toward demonstration of above idea, the sealing ability of the artificial sample with regulated 
particle structure was studied. As a first step, we prepared sintered compacts of uniformly-sized silica glass beads 
and measured their threshold pressure for supercritical CO2 under typical pressure and temperature condition of CO2
geological sequestration to saline aquifers. Our ultimate goal is to correlate threshold pressure to other versatile 
parameters such as permeability, and to develop the model for prediction of the sealing ability of a cap rock.
2. Previous works
On the situation where CO2 permeates a cap rock whose pore space is filled with water, the capillary pressure, Pc,
at the interface (meniscus) between those two fluids is defined by the following eq. (1):
Pc = 2 cos / r, (1)
where  is the interfacial tension between water and CO2,  is the contact angle, and r is the pore throat radius. Here, 
if the buoyancy of CO2, Pb, is less than Pc, CO2 is sealed by a cap rock safely, whereas if Pb overcomes Pc, the 
permeation of CO2 occurs. In this case, the magnitude of Pc changes with the CO2 saturation in a rock. Regarding 
this, several terms are used for a capillary pressure according to each permeating process; it is likely that these terms 
are not necessarily consolidated and that each definition is different depending on researchers. In this paper, we 
define the capillary pressure when CO2 passes through a sample for the first time as the threshold pressure. 
There have been some works on measurement of the threshold pressure for CO2 at the underground pressure and 
temperature conditions so far. For example, Li et al. (2005) measured the capillary pressure of gypsum for 
supercritical CO2 adding pressure in incremental steps [1]. Moreover, Plug and Bruining (2007) conducted the 
capillary pressure measurement of unconsolidated sand at a constant flow condition [2]. Here, after injection of CO2,
re-imbibition of water at a constant flow rate was performed keeping the CO2 pressure constant. As a result, they 
revealed that capillary pressures both on drainage and imbibition processes decrease with an increase of CO2
pressure because of a reduction of interfacial tension. On the other hand, Hildenbrand et al. (2002) measured the 
minimum displacement pressure of a mudstone during the re-imbibition process once after the breakthrough of CO2
[3]. They deduced the empirical equation between threshold pressure and permeability, and analyzed the pore size 
distribution based on a capillary pressure. Although their approach is attractive from a viewpoint of the data 
acquisition in a short time, the difference of a capillary pressure between drainage and imbibition processes should
be checked on its application.
From these works, we can obtain some useful knowledge about the capillary pressure of the specific target 
material and also about appropriate experimental methods. However, all these works use natural rocks or minerals, 
whose internal structure is very complicated. Therefore, it is generally hard to interpret the result theoretically.
3. Modeling of threshold pressure
Threshold pressure varies depending not only on rock types but also on each rock's hydraulic characteristics, such 
as permeability. In this connection, general correlation between threshold pressure obtained for mercury and 
permeability shows that threshold pressure decreases abruptly with an increase of permeability and that there is a 
linearity between their logarithmic forms (e.g., [4]-[6]). On this trend, however, it should be noted that the 
magnitude of threshold pressure varies greatly even at the same value of permeability. Various factors relevant to 
rock's interior structure, rather than the difference of the measurement method, are expected to be responsible for 
such a large variability.
Figure 1 shows the contributions of each factor responsible for the variability of threshold pressure on the 
conceptual graph with both logarithmic scales. Firstly, assuming the simplified rock where uniformly-sized 
spherical particles are closely-packed, its threshold pressure will be plotted on the ideal line with respect to 
permeability. This is attributed to the fact that r is proportional to the particle diameter, d, whereas the permeability 
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is in proportion to the square of d. Here, the former relation is derived from the Nakayama and Siclen (1981)'s 
equation, where the ratio of throat diameter to d, COEF (= 2r/d), is related to the porosity,  [7]:
COEF = 1.92 2 + 0.0882 , and  (2)
r = 1/2 COEF d.  (3)
On the other hand, the Kozeny-Carman equation is applicable to the latter equation [8],
k = d2/180 ·  [3 / (1-)2]. (4)
Next, assuming the rock composed of particles with size distribution, it is expected that its threshold pressure will 
shift to higher value. Moreover, considering the effect of particle form other than a sphere, threshold pressure will 
increase further. Inversely, an inhomogeneous structure such as a fracture, which must behave as a fluid path inside 
the rock, would decrease its threshold pressure. The effect of chemical composition of particles can either increase 
or decrease the threshold pressure depending on chemical composition of the starting rock. Such a variability of 
threshold pressure is considered to become pronounced with a reduction of permeability.
Figure 1 provides an important suggestion to the assessment of the cap rock integrity on CO2 geological 
sequestration. More specifically, it is inadequate to evaluate the sealing ability of storage site from only one core 
sample because threshold pressure of natural rocks would vary greatly depending on above various factors. Rather, 
it is absolutely necessary to know the range of threshold pressure of a cap rock, and specifically its lower limit from 
a viewpoint of the safety assessment. In this time, covering only a homogeneous rock (which means no fractures in a 
rock), the ideal line for uniformly-sized spherical particles corresponds to the lower limit as indicated in Fig. 1. 
Therefore, this study aimed to explore the lower limit of threshold pressure; for this purpose, we used artificial 
samples whose component particle size was controlled.
Figure 1: Conceptual model of factors controlling the variability of threshold pressure.
4. Measurement of threshold pressure for supercritical CO2
The present study measured the threshold pressure for CO2 under pressure and temperature conditions of 1,000 m 
depth (i.e., 10 MPa and 40C). The state of CO2 at this condition corresponds to the supercritical phase. We 
prepared five series of sintered compacts composed of silica glass beads whose diameters are respectively 0.2, 0.5, 1, 
	
-Nitto Kasei Co., Ltd.). Experimental system consists of a CO2 gas cylinder, 
two syringe pumps for water (Teledyne Isco, Inc., 260D) and supercritical CO2 (Teledyne Isco, Inc., 100DX), and a 
5026 M. Sorai, T. Funatsu / Energy Procedia 4 (2011) 5024–5028
4 Author name / Energy Procedia 00 (2010) 000–000
sample holder set in the oven. During experiments, absolute pressures at upper and lower sides of a sample plus the 
flow rates of water and CO2 were measured. Also, the system, which monitored and recorded the image of the upper 
surface of a sample from obliquely above, enabled to define the instant of a breakthrough of supercritical CO2
strictly.
The experiment is in the context of a simple method of stepwise increase of differential pressure between water 
and CO2. Initially, the whole system is filled with water keeping pressure and temperature constant at 10 MPa and 
40ºC, respectively. Next, supercritical CO2 is injected slowly from underneath; the water is gradually forced out of 
the system, but both sides of a sample still remain equal pressure. When CO2 reaches to the basal plane of a sample, 
the CO2 pressure at lower side is increased to higher level than the upper water pressure. We keep this condition for 
a certain period, and then further pressurize the CO2. This leads to the shift to the next pressure level at the lower 
side of a sample. After several steps of such a pressure increment, at last, the breakthrough of CO2 occurs from the 
top side of a sample. The breakthrough pressure is defined as the differential pressure between water and CO2 in this 
moment.
Figure 2 shows experimental results of threshold pressure of sintered compacts for each particle diameter. 
Although only one data has been obtained for each diameter, the preliminary result indicated the clear trend of 
particle size dependency on threshold pressure; that is, the threshold pressure for supercritical CO2 increased 
drastically with a decrease of component particle size. On the other hand, Fig. 3 exchanges the horizontal axis from 
particle diameter to permeability based on eq. (4). There exists a good linearity between the logarithm of threshold 
pressure and the logarithm of permeability; this line seems to correspond to the lower limit of threshold pressure of 
homogeneous rocks as depicted in Fig. 1. Figure 3 also plots the threshold pressure of natural rock (gypsum) for 
supercritical CO2 after Li et al. (2005) [1]. The permeability of their sample is much lower than that of ours, but 
their threshold pressures are surely higher than those come from extrapolation of the lower limit line. Nevertheless, 
the sintered compact whose permeability is close to that of typical cap rock should be used hereafter.
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Figure 2: Experimental results of supercritical CO2-water threshold pressure of sintered compacts composed of 
uniformly-sized particles. 
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Figure 3: Correlation between supercritical CO2-water threshold pressure and permeability.
5. Conclusions
Relating to the assessment of the cap rock integrity on CO2 geological sequestration, we measured threshold 
pressure for supercritical CO2 using sintered compacts composed of uniformly-sized silica glass beads. The present 
study aims to quantify various factors which affect the variability of rock's threshold pressure and to model the 
threshold pressure range of a cap rock. Toward more realistic modeling applicable to natural rocks, we should 
measure additional samples with lower permeability and with particle size distribution by mixing of different
particles, respectively. On the other hand, the configuration of constituent minerals is generally not spherical but 
largely anisotropic especially on a cap rock such as mudstones. Thus, the analysis of impacts of particle form is also 
an important future problem.
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